g sub-model, learning takes place in the following way. For a learning community (for ers or extension workers), there is some maximum level of knowledge that they can ermined by the global level of knowledge. The global level is set as an exogenous ith a value of zero representing no information at all and a value of one representing wledge that supports routine operations and standardization. If the maximum level for the ex" λ(t) is λ max (t), then the stock of knowledge (the learning index) changes over time as
on, annual production is given by P(t) . The parameter κ sets the maximum rate of of knowledge. Learning is fast if there is a large gap between local and general nd it slows down as the community's knowledge approaches the maximum level, which ver time. s, the model for farmer knowledge applies a nested version of Equation (71). First, f extension workers grows toward an exogenously-specified global level. Second, nowledge approaches a weighted average of the initial level and extension worker epending on how effective extensive services are (a user-specified policy variable). states are assumed to have the same level of knowledge (or to have access to the same s extension agents.
el processing sector, Equation (71) is applied directly, with global experience specified and domestic experience approaching the global level with cumulative production.
ves 71), learning only takes place if there is production, consistent with conventional models learning [37] . This is a consequence of the factor P(t) before the expression in parentheses. s to Equation (71) can be related to observations from studies of industrial learning. In the here λ max (t) is constant in time, Equation (71) can be solved explicitly to give
e initial value for λ(t) and P cum is cumulative (rather than annual) production. A sample n in Figure 4 . As shown in the figure, the learning index increases in an s-shaped fashion ive production. This is the shape observed in learning curves within firms, where measured by worker productivity [37] . This pattern contrasts with the constant slope "experience curves," which plot the logarithm of unit cost against the logarithm of roduction within a sector, and are a conventional tool in business and management [38] . re is good reason to think that the linear slope of experience curves has more to do with f increasing scale and other factors, rather than learning [37] . As scale economies are en into account in the model described in this report, it is reasonable that the learning ed by Equations (71) and (72) follow the s-shaped pattern observed in studies of industrial ertheless, we add as a caution that industrial learning curves are based on the experience plants, whereas Equations (71) and (72) are applied at sector level.
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Introduction
The design constraints for the model were set in a series of engagements with the South African Development Community (SADC) Biofuels Task Force in the context of an ongoing project on biofuels, sustainability and forests, funded by the European Commission (EC). The Center for International Forestry Research (CIFOR) led the EC biofuels project and, together with the South African Council for Scientific and Industrial Research (CSIR), collaborated closely with the Stockholm Environment Institute (SEI) on the development of the model. Several people provided substantive input into the design and structure of the model.
The model described in this working paper, the National Bioenergy Investment Model (NBIM), simulates the decisions of domestic and international direct investors on whether to invest in biofuel projects in a developing country. The model can inform scenarios that assess the potential contribution of biofuel production to national development goals. It can also be run interactively, with users specifying policy packages and trajectories for highly influential but uncertain factors, such as fossil fuel prices.
Model overview
The core logic of the model is that investment provides capital that is then combined with other factors, such as labour and land, to produce feedstocks and fuels that are sold on domestic and international markets. Investment allocations are determined by prices and perceived risks, which can be influenced, but not determined, by policymakers. Prices, demands, investment and production, are calculated using a dynamic non-equilibrium model (Ferguson 1998 ) that operates at a quarterly timestep. In the model, prices adjust, after a lag of one time-step, in the direction of their equilibrium level, depending on the gap between supply and demand. The model features 'myopic' investors, who make investment decisions based on current and historical prices. The components of the model are:
• simulation of investor decision making;
• simulation of domestic demand for fuels and feedstocks based on prices and income, where demands are segmented by rural and urban consumers; • simulation of production of fuels and feedstocks, distinguished by production model; • estimation of prices in an equilibrium-seeking framework based on the gap between production and demand.
The choice of a dynamic, non-equilibrium model is dictated by the realities of agricultural economies in developing countries (Colman and Young 1989) . Markets typically clear only after a time lag, and may never be in equilibrium, while the drivers of demand are changing rapidly and causing uncertainty in many developing countries. Thus, the size of the market can change dramatically over the course of a few years. The decision to represent investors as myopic is dictated by the nature of the model: as a simulation model, rather than an optimising model, it cannot contain physically impossible features, such as investors with perfect foresight.
The model is implemented in the Vensim 5 DSS environment, and is being released under the open source Apache License Version 2.0 (the license text is in Annex 2). The model can be run in an interactive model, in which users set values for policy variables and uncertainties. The main interactive screen is shown in Figure 1 . The blue line in the figure reflects the user settings, while the orange line corresponds to the default settings. The yellow areas around the default trajectories show the variability in outputs arising from uncertainty in the model parameters when run using the default settings.
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information that would be used by an MNE but that does not enter the model estimate.
Business models
Business models are specified in the NBIM by the quantity of inputs they require, such as capital, land and labour, to produce a certain amount of output -feedstock, biofuel and by-products. Production processes are assumed to combine resources in fixed proportions (that is, they are characterised by Leontief production functions). The quantity Q i of input [i] required to produce an amount [F] of some output, whether feedstock or biofuel, is therefore given by a constant ratio, the productivity [π i ],
= .
(2) = . 
= � prod, + by − ∑ =1 , − recur, � .
(1)
Because resources are combined in fixed proportions, a capital investment [I] in a business model that is operating at full capacity corresponds to a definite amount of output, determined by the capital productivity [π K ],
(2) 
Combining equations 1 and 2, the amount of input required to produce the output that corresponds to an investment [I] is
The National Bioenergy Investment Model NBIM: Technical Documentation DRAFT metrics for a project -net present value, adjusted present values, internal rate of return -and consider a variety of factors, including the firm's debt position, the size of the planned investment, its strategic importance and the strategies of competing firms, and risks at the industry, country, firm, and project level. However, much of the information that enters into investment decisions is proprietary, and it is not possible to capture all of these considerations within a simulation model. Accordingly, we base the simulation of the investment decision on one indicator -the profitability index -and then mathematically "blur" the investment flows among different projects to account for the additional information that would be used by an MNE but that does not enter the model estimate.
BUSINESS MODELS
Business models are specified in the NBIM model by the quantity of inputs they require -such as capital, land, and labor -to produce a certain amount of output -feedstock, biofuel, and byproducts. Production processes are assumed to combine resources in fixed proportions (that is, they are characterized by Leontief production functions). The quantity Q i of input i required to produce an amount F of some output, whether feedstock or biofuel, is therefore given by a constant ratio, the productivity π i ,
Because resources are combined in fixed proportions, a capital investment I in a business model that is operating at full capacity corresponds to a definite amount of output, determined by the capital productivity π K ,
Combining Equations (1) and (2), the amount of input required to produce the output that corresponds to an investment I is
The initial expenditure for biofuels is the up-front investment I. For feedstocks, an initial land purchase is also required. The area A of land that corresponds to an initial investment I is determined by the ratio of the productivities, as in Equation (3),
where the conventional notation N is used to indicate land. If the land price at the time of purchase is p N , then the up-front expenditure for feedstocks is I  p N A . Thus, using Equation (4), up front expenditure X up-front is X up-front = { I for biofuel operations,
Following the initial investment, revenue in each time period t depends on the prices of inputs p i,t in that time period. In the model, only the inputs capital, land, labor, and biofuel feedstock are tracked
The initial expenditure for biofuels is the up-front investment [I] . For feedstocks, an initial land purchase is also required. The area [A] of land that corresponds to an initial investment [I] is determined by the ratio of the productivities, as in Equation 3,
up-front = � for biofuel operations, �1 + � for feedstock operations. �
where the conventional notation N is used to indicate land. If the land price at the time of purchase is p N , then the up-front expenditure for feedstocks Investors in the model are either domestic investors or multinational enterprises (MNEs) engaging in foreign direct investment (FDI) . The question the model seeks to answer is, which of a set of business models are likely to receive domestic investment funds or FDI, and in what quantities? In contrast, most research on FDI focuses on other factors, including: FDI flows to countries (rather than projects) (Asiedu 2002 , Sethi et al. 2002 , Akinkugbe 2003 , Ahlquist 2006 , Blonigen et al. 2007 , Busse and Hefeker 2007 , Jinjarak 2007 , Lim 2008 , Dippenaar 2009 ); mode of entry (Kogut and Nath 1988 , Hennart and Park 1993 , Li and Filer 2007 , Li and Rugman 2007 , Nocke and Yeaple 2007 , Asmussen et al. 2009 ); the impact of FDI on host countries (Jenkins 2006 , Adams, 2009 , Chaudhuri 2010 ; and the decision making process within a particular firm (Dahlquist and Robertsson 2001 , Moosa 2002 , White and Fan 2006 , Carlesi et al. 2007 , Dippenaar 2009 , Klier 2009 , Kinda 2010 . A survey of the literature on FDI identified one paper assessing the potential of projects within a portfolio to attract foreign investment (Li and Sherali 2003) ; however, the methodology in that paper requires detailed knowledge of the projects and is unsuitable for a simulation model.
The NBIM design draws upon recommendations made to the managers of MNEs (Solnik 2000 , Moosa 2002 , White and Fan 2006 , Klier 2009 ) and the practices used by financial officers (Graham and Harvey 2001) . In practice, MNE management might examine a variety of metrics for a project -net present value, adjusted present values, internal rate of return -and consider a variety of factors, including the firm's debt position, the size of the planned investment, its strategic importance and the strategies of competing firms, and risks at the industry, country, firm, and project level. However, much of the information that enters into investment decisions is proprietary, and it is impossible to capture all of these considerations in a simulation model. Accordingly, we base the simulation of the investment decision on one indicator -the profitability index -and then mathematically 'blur' the investment flows among different projects to account for the additional
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Following the initial investment, revenue in each time period [t] depends on the prices of inputs [p i,t ] in that time period. In the model, only the inputs capital, land, labour and biofuel feedstock are tracked explicitly.
Other inputs are collected into a single term for all other recurring costs. The revenue stream over time is given as income net of costs,
= . 
In Equation 6, income is given as the sum of the product price and the value of by-products per unit of output [v by 
Equation 7 gives the actual revenues over time, as calculated in the model. During a model run, total output from a particular business model might fall below its full capacity, while prices of products and inputs change over time. As indicated by the notation, the value of by-products per unit of output is assumed to not change over time, while recurring costs can change.
Investors cannot know the future revenue stream of an investment with any certainty. Instead, they form an expectation of the future revenue stream [R expect ]. In the model this is given as = 1 .
(1) = .
By equating the expected value of F t with π K I, using Equation 2, the model assumes that investors expect production to always be at full capacity. Prices and recurring costs are assumed to be at the level that prevails when the investment decision is taken, which is indicated in this equation by dropping the time index. For biofuels, the expected price for the product is the price at the time of the investment. However, for feedstocks, the expected product price is smoothed over previous time-steps, to take into account the delay between an investment in feedstock production and actual production; this is indicated by the overbar on the product price. Specifically, for a feedstock crop that takes D time-steps to mature, 9 inputs change over time. As indicated by the notation, the value of b assumed to not change over time, while recurring costs can change.
Investors cannot know the future revenue stream of an investment w form an expectation of the future revenue stream [R expect ]. In the mo expect = �¯p rod + by − ∑ =1 − rec By equating the expected value of F t with π K I, using Equation 2, the expect production to always be at full capacity. Prices and recurring that prevails when the investment decision is taken, which is indicat time index. For biofuels, the expected price for the product is the pr However, for feedstocks, the expected product price is smoothed ov account the delay between an investment in feedstock production an indicated by the overbar on the product price. Specifically, for a feed to mature, ¯p rod at time [t] is given as prod, =¯p rod, −1 + 1 � prod, −1 −¯p
Feasible combinations of investors and business models
There are two kinds of investor, international and domestic, and, sep two classes of business model. Aside from the specific feedstock tha feedstock business models can be outgrower or estate, while biofuel scale or large-scale. The model assumes that only certain combinatio model are possible. While the user can change these settings, by def domestic investors are all focused on small-scale investments, and s production or large-scale biofuel plants. The model also assumes tha invest in small-scale biofuel production, although they may invest in 
There are two kinds of investor, international and domestic, and, separately for fuels and feedstocks, two classes of business model. Aside from the specific feedstock that is produced or consumed, feedstock business models can be outgrower or estate, while biofuel business models can be smallscale or large-scale. The model assumes that only certain combinations of investor type and business model are possible. While the user can change these settings, by default the model assumes that any investment option is possible except that international investors do not invest in small-scale fuel production operations.
Profitability
The question for the investor is, which of several potential investments, represented by business models, will yield the highest profit. In practice, investors might use one of several metrics to estimate potential profitability, but all of them rely on a calculation of the net present value (NPV), which is the value of the future stream of income discounted to the present, net of the original investment (Moosa 2002) . 
− up-front .
(1 − ) for biofuel operations �
where T is the time period of the investment and r is the discount rate. In the model, the discount rate is set equal to the equity cost of capital -that is, the return that a lender would expect to receive from a for biofuel operations for feedstock operations.
capital loan. The sum over the time index [t] begins after a delay of time [D] for crops to mature. 
(14c)
, = rf + ( ave − rf ) + curr + macro + micro, − . 
) −(1− )
; , ),
urr + macro + micro, − .
; , ).
The first term in the sum on the right-hand side of Equation 11 is the discounted stream of net benefits, as in Equation 9, but now reduced by the tax rate [x ] . The second term is the tax rebate for depreciation, where d is the depreciation rate; this term accounts for the common rule that taxes are not paid on reasonable depreciation of capital equipment, which is treated as a loss. The third term is the discounted salvage value after depreciation over the lifetime of the investment, 2 where the salvage value [S] is given as the depreciated value of the initial investment plus the cost of land for feedstock operations, 
(1 + ) = (1+ ) −1 
≡ model ( ; , ),
, = rf + ( ave − rf ) + curr + macro + micro, − .
The sums over the time periods from one to [T] of the investment in Equation 11 start from the first timestep after the initial investment, t = 1, assuming a one time-step delay between investment and the receipt of income. The sums can be done explicitly using standard techniques. The relevant formula is:
1 Equation 10 simplifies the reality of starting a new enterprise, which at a minimum includes an establishment or transitional phase that is quite distinct from the operating phase. In principle, it is not difficult to adapt the model to handle these additional details. However, it is unlikely that the necessary data will be available. 2 Note that depreciation is used in this formula in a conventional way to estimate the future value of equipment for tax purposes and salvage. The same depreciation rate is also used elsewhere in the model as the rate at which capital is permanently removed from productive use. This removal can occur for reasons other than ordinary wear-and-tear of equipment, such as insolvency, mismanagement and catastrophic damage, and so its rate does not have to equal the capital depreciation rate used for estimating net income. The assumption that the two rates are equal is not essential to the model, but it is reasonable to assume that the rates are of a similar magnitude, and it removes the need to specify an additional parameter.
= � �(1 − ) + � for feedstock operations � . .
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Applying this formula, and dividing through by the initial investment [I] gives the following key result:
= �
(1 − ) for biofuel operat
for biofuel operations
where
(14a) where = �
(1 − ) for biofuel operations
, (14
. (14
.
Equations 14a-c are used in the model to determine the optimal investment strategy. The expression
Applying this formula, and dividing through by the initial in
Equations 14a-c are used in the model to determine the opt 1 + / , the 'profitability index', is a standard metric for de investment (Moosa 2002 
Investor discount rate: the equity cost of cap
The investor decision making submodel is based on financi domestic and international investors to be comparing an inv processing to similar investments in a larger market. In port systematic or non-systematic; systematic risk captures how market as a whole, while non-systematic risk captures idios factors. In theory, investors can remove non-systematic risk systematic risk (Solnik 2000) . However, in practice, and in diversification are limited and firms routinely include non-s (White and Fan 2006 , the 'profitability index', is a standard metric for deciding on the profitability of a potential investment (Moosa 2002) .
3 For convenience, we refer to the right-hand side of Equation 14a as Applying this formula, and dividing through by the initial in
The investor decision making submodel is based on financi domestic and international investors to be comparing an inv processing to similar investments in a larger market. In port systematic or non-systematic; systematic risk captures how market as a whole, while non-systematic risk captures idios factors. In theory, investors can remove non-systematic risk systematic risk (Solnik 2000) . However, in practice, and in diversification are limited and firms routinely include non-s (White and Fan 2006 
where the subscript 'model' indicates that the factor is dependent on the business model. As indicated by the notation, it also depends on the tax and depreciation rates. Also as indicated, it does not depend on the initial investment [I] because in equations 5, 8, and 12, R expect , S, and X up-front are proportional to I. This convenient result is a consequence of using Leontief production functions.
3 In a survey of financial officers, the profitability index (PI) was found to be a less popular method for evaluating projects than either NPV or the internal rate of return (IRR) (Graham and Harvey 2001) . However, since NPV scales directly with the initial investment [I] -under the model assumption that output scales directly with input (Leontief production functions) -if two projects have equal initial investments, then NPV and PI will give equivalent rankings, because PI is simply NPV/I + 1. Thus, within the model, NPV and PI are equivalent. IRR may give a different ranking than PI or NPV, but IRR and PI lead to identical go/no-go decisions for an individual investment: if the PI is positive at a discount rate [r] , then the IRR will be higher than r. A drawback of IRR compared to PI is that it has units of 1/time, whereas PI is dimensionless. The use of a dimensionless indicator simplifies the model for estimating financial flows that is developed in Section 3.4.
for biofuel operations for feedstock operations.
Equations 14a-c are also used in the model to calculate a threshold producer price above which the investment is attractive and below which it is not attractive. This is determined by setting n = 0, substituting for R expect using Equation 8, and then solving for the producer price.
Investor discount rate: the equity cost of capital
The investor decision making submodel is based on financial portfolio theory, and considers both domestic and international investors to be comparing an investment in biofuel feedstock production or processing to similar investments in a larger market. In portfolio theory, risk is considered to be either systematic or non-systematic; systematic risk captures how the potential investment moves with the market as a whole, while non-systematic risk captures idiosyncratic investment, firm and location factors. In theory, investors can remove non-systematic risk through diversification, leaving only systematic risk (Solnik 2000) . However, in practice, and in particular for FDI, opportunities for diversification are limited and firms routinely include non-systematic risk in their evaluation of projects (White and Fan 2006) . Accordingly, in the model, investors expect a riskadjusted rate of return [r E,i ] -the equity cost of capital -for business model i where
) for biofuel operations
In Equation 16, the first three terms are the international capital asset pricing model (ICAPM), which captures systematic risk (Solnik 2000) :
The National Bioenergy Investment Model NBIM: Technical Documentation DR evaluation of projects [21] . Accordingly, in the model, investors expect a risk-adjusted rate of return the equity cost of capital -for business model i of r E,i , where
In this equation, the first three terms are the international capital asset pricing model (ICAPM), whi captures systematic risk [28] : r rf is the risk-free return (for example, the rate for a treasury bond), r av the average market return, and r curr is the currency risk premium for international investors. The parameter β is the risk factor, and γ is the sensitivity of the international investment to currency risk the ICAPM terms, the first two apply both to international and domestic investment, and each of the parameters can differ between international and domestic markets. The third term only applies to international investors. Of the remaining four terms, the first two, ρ macro and ρ micro , are country risk factors -that is, factors that are in at least partial control of the government -and apply only to international investors. Macropolitical and macroeconomic risk factors are those that are shared by a international investors in the country, and are reported in international tables, such Euromoney or IH Global Insight. Micropolitical and microeconomic risk factors are those that are specific to an indus within the country [22] The term, θ, which can be either positive or negative, captures irrational deviations from ideal investment behavior [30] . Note that both the micro risk factors and the "irratio expectations" parameters carry an i index. This is because they are each affected by local conditions that are specific to a particular business model.
In general, all of the terms in Equation (16) following the first term capture expectations of risk. The higher the risk, the higher the return that an investor will expect. This can be understood in terms of change in the discount rate; future risks make future returns less valuable [22] . The factors β and γ h a very specific interpretation and represent a specific kind of risk. The factor β indicates how closely aligned the returns from the investment and the market as a whole are expected to be. The factor γ is the risk-free return (for example, the rate for a treasury bond); DRAFT a risk-adjusted rate of return - 
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In general, all of the terms in Equation (16) following the first term capture e higher the risk, the higher the return that an investor will expect. This can be change in the discount rate; future risks make future returns less valuable [22 a very specific interpretation and represent a specific kind of risk. The factor aligned the returns from the investment and the market as a whole are expect represents how correlated the value of the national currency is to a basket of extent that the investment simply tracks the market as a whole, it fails to redu diversification. Both β and γ can be greater than one, meaning that they can m market; they can also be negative, if they tend to move counter to the market whether γ is large or not depends on whether the currency is pegged to a maj is expected to be close to one; if not, it may be less than one, and even negati are assigned a range of values based on the available literature. As explained uncertainty", on page 27, the model is run in sensitivity mode in which uncer the investment β's, take on values sampled from a plausible range.
INVESTMENT FLOWS TO BUSINESS MODELS
Investments in the model flow to different feedstock or biofuel business mod returns provided by each business model. As explained below, non-biofuel in biofuel investments. If no biofuel investment opportunities are competitive w very little biofuel investment occurs within the model.
As shown in Equations (14, a-c), the net present value of business model i is investment multiplied by an investment-specific function of the rate of return factor is written  i r ;  ,  , so that
10
, which can be either positive or negative, captures irrational deviations from ideal investment behaviour (Pompian 2006) . Note that both the micro risk factors and the 'irrational expectations' parameters carry an index [i] . This is because they are each affected by local conditions that are specific to a particular business model.
In general, all of the terms in Equation 16, following the first term, capture expectations of risk. The higher the risk is, the higher the return an investor will expect. This can be understood in terms of a change in the discount rate; future risks make future returns less valuable (Moosa 2002 In general, all of the terms in Eq higher the risk, the higher the re change in the discount rate; futu a very specific interpretation and aligned the returns from the inve represents how correlated the va extent that the investment simpl diversification. Both β and γ can market; they can also be negativ whether γ is large or not depend is expected to be close to one; if are assigned a range of values b uncertainty", on page 27, the mo the investment β's, take on value In this equation, the first three terms are the inter captures systematic risk [28] : r rf is the risk-free r the average market return, and r curr is the currenc parameter β is the risk factor, and γ is the sensitiv the ICAPM terms, the first two apply both to inte parameters can differ between international and d international investors. Of the remaining four ter factors -that is, factors that are in at least partial international investors. Macropolitical and macro international investors in the country, and are rep Global Insight. Micropolitical and microeconom within the country [22] The term, θ, which can b deviations from ideal investment behavior [30] . N expectations" parameters carry an i index. This i that are specific to a particular business model.
In general, all of the terms in Equation (16) follo higher the risk, the higher the return that an inves change in the discount rate; future risks make fut a very specific interpretation and represent a spec aligned the returns from the investment and the m represents how correlated the value of the nation extent that the investment simply tracks the mark diversification. Both β and γ can be greater than market; they can also be negative, if they tend to whether γ is large or not depends on whether the is expected to be close to one; if not, it may be le are assigned a range of values based on the avail uncertainty", on page 27, the model is run in sen the investment β's, take on values sampled from In general, all of the terms in Equation ( higher the risk, the higher the return tha change in the discount rate; future risks a very specific interpretation and repres aligned the returns from the investment represents how correlated the value of th extent that the investment simply tracks diversification. Both β and γ can be grea market; they can also be negative, if the whether γ is large or not depends on wh is expected to be close to one; if not, it m are assigned a range of values based on uncertainty", on page 27, the model is r the investment β's, take on values samp
INVESTMENT FLOWS TO BUSINESS MODELS
Investments in the model flow to differe returns provided by each business mode biofuel investments. If no biofuel invest very little biofuel investment occurs wit As shown in Equations (14, a-c), the ne investment multiplied by an investment factor is written  r ;  ,  , so that indicates how closely aligned the returns from the investment and the market as a whole are expected to be. The factor
The National Bioenergy Investment Model NBIM: Technical Documentation evaluation of projects [21] . Accordingly, in the model, investors expect a risk-adjusted the equity cost of capital -for business model i of r E,i , where
In this equation, the first three terms are the international capital asset pricing model (I captures systematic risk [28] : r rf is the risk-free return (for example, the rate for a treas the average market return, and r curr is the currency risk premium for international inves parameter β is the risk factor, and γ is the sensitivity of the international investment to the ICAPM terms, the first two apply both to international and domestic investment, an parameters can differ between international and domestic markets. The third term only international investors. Of the remaining four terms, the first two, ρ macro and ρ micro , are c factors -that is, factors that are in at least partial control of the government -and appl international investors. Macropolitical and macroeconomic risk factors are those that a international investors in the country, and are reported in international tables, such Eur Global Insight. Micropolitical and microeconomic risk factors are those that are specif within the country [22] The term, θ, which can be either positive or negative, captures deviations from ideal investment behavior [30] . Note that both the micro risk factors an expectations" parameters carry an i index. This is because they are each affected by loc that are specific to a particular business model.
In general, all of the terms in Equation (16) following the first term capture expectation higher the risk, the higher the return that an investor will expect. This can be understoo change in the discount rate; future risks make future returns less valuable [22] . The fac a very specific interpretation and represent a specific kind of risk. The factor β indicate aligned the returns from the investment and the market as a whole are expected to be. T represents how correlated the value of the national currency is to a basket of currencies extent that the investment simply tracks the market as a whole, it fails to reduce risk th diversification. Both β and γ can be greater than one, meaning that they can magnify sw market; they can also be negative, if they tend to move counter to the market. For smal whether γ is large or not depends on whether the currency is pegged to a major currenc is expected to be close to one; if not, it may be less than one, and even negative. In the are assigned a range of values based on the available literature. As explained in the sec uncertainty", on page 27, the model is run in sensitivity mode in which uncertain param the investment β's, take on values sampled from a plausible range.
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can be greater than one, meaning that they can magnify swings in the market; they can also be negative, if they tend to move counter to the market. For small economies, whether
The National Bioenergy Investment Model NBIM: Technical Documentation evaluation of projects [21] . Accordingly, in the model, investors expect a risk-adjuste the equity cost of capital -for business model i of r E,i , where
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Investment flows to business models
Investments in the model flow to different feedstock or biofuel business models depending on the returns provided by each business model. Non-biofuel investments compete with biofuel investments. If no biofuel investment opportunities are competitive with the alternatives, then very little biofuel investment occurs within the model.
As shown in equations 14a-c, the net present value of a business model [i] is given as the initial investment multiplied by an investment-specific function of the rate of return. In Equation 15, the factor is written NT FLOWS TO BUSINESS MODELS nts in the model flow to different feedstock or biofuel business models depending on the rovided by each business model. As explained below, non-biofuel investments compete with vestments. If no biofuel investment opportunities are competitive with the alternatives, then biofuel investment occurs within the model. n in Equations (14, a-c), the net present value of business model i is given by the initial nt multiplied by an investment-specific function of the rate of return. In Equation (15), the written  i r ;  ,  , so that
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, so that Unlike in Equation (15), here, where we are concerned with flows of investment to diff models, we add a label i to both the net present value and the investment. Given the fun  i r ;  ,  and the risk-adjusted discount rate r E , i defined in Equation (16), a simple criterion for the investor is
If the model were strictly true, and all investors used the profit index to decide between investment would flow to the business model with the highest profitability index, or at investment as it could absorb. However, there are several reasons why this theoretical c unrealistic: not every investor will use this approach to determine whether to invest; the (in particular, firm and location-specific factors) that are not captured in Equation (11); parameters are uncertain. Accordingly, in the model, rather than simply profit, a weight the average of the log profit index and an "entropy" term is maximized, using the objec
In equation (19), the w i are the fractions of total investment flowing to each business m
The second term is the entropy of the distribution of investment flows -an interpretatio given below. The parameter  , which lies between zero and one (and is never exactly expresses the relative importance of the profit-maximizing and entropy terms.
Equation (20) defines u i , the quantity to be maximized, as the natural logarithm of the p unless the profit index is negative, in which case the logarithm of a very small number note that the profit index becomes negative only when the revenue stream itself is nega profit index equals one, u i is equal to zero. By using the logarithm of the profit index, r profit index itself, projects are compared based on their relative performance, rather tha performance: if one project is expected to make twice as much profit as an alternative p difference of the u i 's between the two projects is ln(2), regardless of the level of profit o projects.
Interpretation of the objective function
The objective function can be given an information-theoretic interpretation. The first te objective function [Equation (19) ] is the average profit. In the limit  0 this become term and, as shown below, in this limit all investments flow to the business model with profit index. In this case an outside observer viewing the flow of investments would be which project yields the highest expected profit. As discussed earlier, several factors in ideal situation, so that the observed flow of investments does not provide perfect inform (15), here, where we are concerned with flows of investment to different business a label i to both the net present value and the investment. Given the function d the risk-adjusted discount rate r E , i defined in Equation (16), a simple "go/no-go" investor is
re strictly true, and all investors used the profit index to decide between investments, all ld flow to the business model with the highest profitability index, or at least as much t could absorb. However, there are several reasons why this theoretical case is every investor will use this approach to determine whether to invest; there are factors irm and location-specific factors) that are not captured in Equation (11); and all of the uncertain. Accordingly, in the model, rather than simply profit, a weighted sum of the he log profit index and an "entropy" term is maximized, using the objective function
), the w i are the fractions of total investment flowing to each business model. That is,
is the entropy of the distribution of investment flows -an interpretation of this term is he parameter  , which lies between zero and one (and is never exactly zero or one), lative importance of the profit-maximizing and entropy terms.
efines u i , the quantity to be maximized, as the natural logarithm of the profit index, t index is negative, in which case the logarithm of a very small number is substituted: ofit index becomes negative only when the revenue stream itself is negative. When the als one, u i is equal to zero. By using the logarithm of the profit index, rather than the lf, projects are compared based on their relative performance, rather than their absolute one project is expected to make twice as much profit as an alternative project, then the e u i 's between the two projects is ln(2), regardless of the level of profit of the two f the objective function unction can be given an information-theoretic interpretation. The first term in the ion [Equation (19)] is the average profit. In the limit  0 this becomes the dominant own below, in this limit all investments flow to the business model with the highest this case an outside observer viewing the flow of investments would be able to learn ields the highest expected profit. As discussed earlier, several factors interfere with this so that the observed flow of investments does not provide perfect information about the defined in Equation 16, a simple 'go/no-go' criterion for the investor is ( , ; , ) ≥ 0.
(18)
If the model were strictly true, and all investors used the profitability index to decide between investments, all investment would flow to the business model with the highest profitability index, or at least as much investment as it could absorb. However, this theoretical case is unrealistic for several reasons: not every investor will use this approach to determine whether to invest; there are factors (in particular, firm and location-specific factors) that are not captured in Equation 11 ; and all of the parameters are uncertain. Accordingly, rather than simply maximise profit, the model maximises a weighted sum of the average of the log profit index and an 'entropy' term, using the objective function
In Equation 19, the w i are the fractions of total investment flowing to each business model. That is,
, ; , ) + 1� ,
The second term of Equation 19 is the entropy of the distribution of investment flows -an interpretation of this term is given below. The parameter
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The second term of Equation 19 is the entropy of the distribution of investment fl interpretation of this term is given below. The parameter , which lies between z never exactly zero or one), expresses the relative importance of the profit-maxim terms.
Equation 20 defines u i , the quantity to be maximized, as the natural logarithm of unless the profit index is negative, in which case the logarithm of a very small nu The profit index becomes negative only when the revenue stream itself is negativ index equals one, u i is equal to zero. By using the logarithm of the profit index, ra index itself, projects are compared based on their relative performance, rather tha performance. If one project is expected to make twice as much profit as an altern difference of the u i s between the two projects is the natural logarithm of two, ln(2 level of profit of the two projects.
Interpretation of the objective function
The objective function can be given an information-theoretic interpretation. The f objective function (Equation 19 ) is the average profit. In the limit → 0 this bec term and, as shown below, in this limit all investments flow to the business mode profit index. In this case, an outside observer viewing the flow of investments wo which project yields the highest expected profit. As discussed earlier, several fact ideal situation, so that the observed flow of investments does not provide perfect ranking of excess returns. The second term captures this reality. In the limit → model receives the same level of investment. In this case, the objective function i maximizing Z means minimizing the amount of information contained in the inve , which lies between zero and one (and is never exactly zero or one), expresses the relative importance of the profitmaximising and entropy terms.
Equation 20 defines u i , the quantity to be maximised, as the natural logarithm of the profit index, unless the profit index is negative, in which case the logarithm of a very small number is substituted. The profit index becomes negative only when the revenue stream itself is negative. When the profit index equals one, u i is equal to zero. By using the logarithm of the profit index, rather than the profit index itself, projects are compared based on their relative performance, rather than their absolute performance. If one project is expected to make twice as much profit as an alternative project, then the difference of the u i s between the two projects is the natural logarithm of two, ln(2), regardless of the level of profit of the two projects.
The objective function can be given an informationtheoretic interpretation. The first term in the objective function (Equation 19 ) is the average profit. In the limit 13 location-specific factors) that are not captured in Equation 11 ; and all of the parameters are uncertain. Accordingly, rather than simply maximize profit, the model maximizes a weighted sum of the average of the log profit index and an 'entropy' term, using the objective function
The second term of Equation 19 is the entropy of the distribution of investment flows -an interpretation of this term is given below. The parameter , which lies between zero and one (and is never exactly zero or one), expresses the relative importance of the profit-maximizing and entropy terms.
Equation 20 defines u i , the quantity to be maximized, as the natural logarithm of the profit index, unless the profit index is negative, in which case the logarithm of a very small number is substituted. The profit index becomes negative only when the revenue stream itself is negative. When the profit index equals one, u i is equal to zero. By using the logarithm of the profit index, rather than the profit index itself, projects are compared based on their relative performance, rather than their absolute performance. If one project is expected to make twice as much profit as an alternative project, then the difference of the u i s between the two projects is the natural logarithm of two, ln (2), regardless of the level of profit of the two projects.
The objective function can be given an information-theoretic interpretation. The first term in the objective function (Equation 19 ) is the average profit. In the limit → 0 this becomes the dominant term and, as shown below, in this limit all investments flow to the business model with the highest profit index. In this case, an outside observer viewing the flow of investments would be able to learn which project yields the highest expected profit. As discussed earlier, several factors interfere with this ideal situation, so that the observed flow of investments does not provide perfect information about the ranking of excess returns. The second term captures this reality. In the limit → 1, each business model receives the same level of investment. In this case, the objective function is the entropy, and so maximizing Z means minimizing the amount of information contained in the investment allocation. In this becomes the dominant term and, as shown below, in this limit all investments flow to the business model with the highest profit index. In this case, an outside observer viewing the flow of investments would be able to learn which project yields the highest expected profit. As discussed earlier, several factors interfere with this ideal situation, so that the observed flow of investments does not provide perfect information about the ranking of excess returns. The second term captures this reality. In the limit
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If the model were strictly true, and all investors used the profit index to decide between investments, a investment would flow to the business model with the highest profitability index, or at least as much investment as it could absorb. However, this theoretical case is unrealistic for several reasons: not eve investor will use this approach to determine whether to invest; there are factors (in particular, firm and location-specific factors) that are not captured in Equation 11 ; and all of the parameters are uncertain. Accordingly, rather than simply maximize profit, the model maximizes a weighted sum of the average of the log profit index and an 'entropy' term, using the objective function
In Equation 19 , the w i are the fractions of total investment flowing to each business model. That is,
Interpretation of the objective function
The objective function can be given an information-theoretic interpretation. The first term in the objective function (Equation 19 ) is the average profit. In the limit → 0 this becomes the dominant term and, as shown below, in this limit all investments flow to the business model with the highest profit index. In this case, an outside observer viewing the flow of investments would be able to learn which project yields the highest expected profit. As discussed earlier, several factors interfere with thi ideal situation, so that the observed flow of investments does not provide perfect information about th ranking of excess returns. The second term captures this reality. In the limit → 1, each business model receives the same level of investment. In this case, the objective function is the entropy, and so maximizing Z means minimizing the amount of information contained in the investment allocation. In , each business model receives the same level of investment. In this case, the objective function is the entropy, and so maximising Z means minimising the amount of information contained in the investment allocation. In this no-information limit the distribution of investment flows provides no guidance to the relative merits of the different business models. For intermediate values of this no-information limit the distribution of investment flows provides no guidance to the relative merits of the different business models. For intermediate values of , business models with high expected profits get the highest weights, but investments also flow to business models with lower expected profits, so that the information provided by the investment flows is ambiguous.
Optimal distribution of investment flows
The distribution of investment flows in the model is solved by maximizing the objective function (Equation 19) subject to the constraint that the weights sum to one,
Using equations 19 and 22, the objective function S for the problem can be written , business models with high expected profits get the highest weights, but investments also flow to business models with lower expected profits, so that the information provided by the investment flows is ambiguous. 
The distribution of investment flows in the model is solved by maximising the objective function (Equation 19 ) subject to the constraint that the weights sum to one,
Using equations 19 and 22, the objective function S for the problem can be written
where m is a Lagrange multiplier. Varying S with respect to the weights and setting them equal to zero (the optimal condition) gives
Rearranging this equation to get the weight on one side and collecting the constant terms into an overall constant 14 this no-information limit the distribution of investment flows provides no guidance to the relative merits of the different business models. For intermediate values of , business models with high expected profits get the highest weights, but investments also flow to business models with lower expected profits, so that the information provided by the investment flows is ambiguous.
where λ is a Lagrange multiplier. Varying S with respect to the weights and setting them equal to zero (the optimal condition) gives
Rearranging this equation to get the weight on one side and collecting the constant terms into an overall constant ln ≡ −1 − / gives
Exponentiating both sides of Equation 25 gives the expression for the weights,
The value of A is then determined by the normalizing constraint in Equation 22. Requiring that the weights sum to one gives
Introducing non-biofuel investments
Biofuel investment opportunities will be competing with non-biofuel opportunities that may have higher expected profits. Rather than defining these explicitly, we assume that there are biofuel investments [m] and total investments [N], so there are N-m non-biofuel investments. As described above, all investments in the model are characterized by their log profitability [u i ]. We make the assumption that log profitability among non-biofuel investments is distributed according to some probability distribution with a probability density [f(u)] The expected value of the non-normalized weights can then be calculated, using the probability density as
ln� ( , ; , ) + 1� ,
The value of A is then determined by the normalising constraint in Equation 22. Requiring that the weights sum to one gives
Biofuel investment opportunities will be competing with non-biofuel opportunities that may have higher expected profits. Rather than defining these explicitly, we assume that there are [m] biofuel investments and [N] total investments, so there are N-m non-biofuel investments. As described above, all investments in the model are characterised by their log profitability [u i ].
We make the assumption that log profitability among non-biofuel investments is distributed according to some probability distribution with a probability density [f(u)] The expected value of the non-normalised weights can then be calculated, using the probability density as
This integral is equal to the moment-generating function M f (·) for the probability density. The practical benefit of this is that moment-generating functions have been calculated for many probability distributions. Thus, the result for the average weight can be written
(28
This expected value for non-bioenergy weights can be used to rewrite the expression for the weights in Equation 27 as
For the model, we assume that the log profitability of non-biofuel investments is distributed normally with a mean of zero -that is, it is equally likely that an investment has a positive log profitability as it has a negative profitability. In this case,
While the assumption of a normal distribution is convenient for the model development, it is not essential. The moment-generating function can be computed explicitly for many distributions.
Properties of the weights
The weights in Equation 31 have some properties that are worth remarking on. Because the denominator is the same for any investment, the business model with the highest value for u i receives the highest weight. In the limit 0 " { , the ratio (1 )/ { { -diverges, and the non-biofuel term dominates any of the biofuel business models. This is a consequence of assuming a normally-distributed set of non-biofuel options. Under this assumption there will always be some non-biofuel investment with a higher return than the biofuel investments, and in the limit 0 " { it will receive all of the investment flows. In contrast, in the limit 1 " { , the ratio (1 )/ { { -approaches zero, and all of the weights take the same value, equal to 1/N. At values of { intermediate between zero and one, the most profitable investment receives the highest weight, but other, less profitable investments are also given some weight. The weights can become very small, suggesting implausibly low levels of investment. For this reason, a minimum investment threshold is set by the user for different types of investors. If the investment allocation is less than the minimum, then the investment is set to zero in the model.
The parameter { is a tuning parameter of the model, which has no obvious default value. For illustration, at 1/2 = { , the weights become
In this case, it can be seen that biofuel investments with negative excess profits receive low weights, because they cannot outperform the positive excess return from non-biofuel investments. The investment flows for business models with negative expected profit will ordinarily fall below the minimum investment threshold, so no investment will flow to them. Also, if the total number of investments N is much larger than the number of biofuel investments m, then biofuel investments must strongly outperform the average non-biofuel portfolio to gain a substantial share. As the variance 2 f v of non-biofuel investments increases, potential competition from non-bioenergy investments also increases. When { is close to zero, high-performing investments receive high weights, and when { is close to one, even poorly-performing investments may receive a substantial weight.
Implementing a minimum level of domestic investment
One of the policy instruments that the model simulates is a minimum level of domestic investment. The model simulates a policy in which applications for permits from foreign investors are suspended whenever the previous quarter's statistics indicate that domestic investment is below the target. This policy characteristically leads to a 'saw tooth' pattern in foreign investment when averaged over the year. The saw tooth pattern can look odd, but it is not an unreasonable outcome, since it follows directly from the simulated policy.
Domestic energy demand
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In this function, th are conversion e the η i are energy d ˆ( ⃗) are coefficie are coefficients within the utility function that express the degree of preference for one fuel over anotheran interpretation for these parameters will emerge in Section 4.3 that justifies the choice of notation. The 16
Constant elasticity of substitution utility fu
It is expected that biofuels and fossil fuels will coexist and substantial time, while ethanol can be used as an additive t substitutes. However, they do not act as perfect complemen biofuels can vary depending on relative price, technology, factors. This suggests that demands should be represented between that of a perfect substitute and of a perfect comple (CES) demand function has this property. Accordingly, we for the model:
In this function, the x i are the quantities of fuel consumed i are conversion efficiencies (for instance, conversion of c the η i are energy density factors that convert physical quan ˆ( ⃗) are coefficients within the utility function that expre potentially depend on a vector of parameters another -an interpretation for these parameters will emerge in Section 4.3 that justifies the choice of notation. The ˆ( ⃗) potentially depend on a vector of parameters [ ⃗] that is currently unspecified. The parameter α is characteristic of CES utility functions and interpolates between pure-complement (α = 0) and pure-substitution (α = 1) utility functions.
Finding the optimal allocation
Consumers whose utility is described by Equation 33 are assumed to face an energy budget constraint [ (¯)], which grows with average income, so that
where p i are fuel prices in volumetric terms (e.g., dollars per litre). Because the utility function is strictly increasing in energy consumption, it can be assumed that the entire budget will be spent, and so the inequality (Equation 34) can be replaced with an equality,
The consumer seeks to maximize utility subject to their budget constraint, so the objective function is
where λ is a Lagrange multiplier. The optimum conditions are that
The most complex factor in this expression -the one in brackets -is independent of i. Combining all iindependent factors into an overall coefficient [ ( ⃗)] that depends on the (still unspecified) parameters [ ⃗], Equation 37 can be rearranged to show that
That is, the energy-content corrected consumption of fuels [η i x i ] declines as the price [p i ] increases, and rises as the coefficient [ˆ( ⃗)] increases.
Reference prices
The expression on the right-hand side of Equation 38 suggests an interpretation of the utility coefficients [ˆ( ⃗)]. They can be thought of as the threshold prices at which a consumer finds each fuel desirable. When the price [p i ] of a fuel exceeds the coefficient value, then the ratio in parentheses in Equation 38 is less than one, reflecting its lower desirability; when the price falls below the coefficient value, then the ratio in parentheses is greater than one, reflecting desirability. The coefficients [ˆ( ⃗)] will be referred to as 'reference prices' in the rest of this document.
The reference prices can be formulated in a convenient way. If all that a consumer wanted from a fuel that is currently unspecified. The parameter
In this function, the x i are the quantities of fuel consumed in physical terms (litres or kilograms), the  i are conversion efficiencies (for instance, conversion of combustible fuels into heat in a stove), while the η i are energy density factors that convert physical quantities into their energy equivalents. The  p i  v  are coefficients within the utility function that express the degree of preference for one fuel over another -an interpretation for these parameters will emerge later in the analysis that justifies the choice of notation. The  p i  v  potentially depend on a vector of parameters  v that is currently unspecified. The parameter α is characteristic of CES utility functions and interpolates between pure-complement (α = 0) and pure-substitution (α = 1) utility functions.
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The consumer seeks to maximize utility subject to his or her budget constraint, so the objective function is
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FINDING THE OPTIMAL ALLOCATION Consumers with utility described by Equation (33) are assumed t B   y  , which grows with average income, so that
where the p i are fuel prices in volumetric terms (e.g., USD per lit strictly increasing in energy consumption, it can be assumed that the inequality (34) can be replaced with an equality,
The consumer seeks to maximize utility subject to his or her bud function is
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The most complex factor in this expression -the one in brackets independent factors into an overall coefficient C  v  that depend  v , Equation (37) can be rearranged to show that
That is, the energy-content corrected consumption of fuels η i x i de rises as the coefficient
is a Lagrange multiplier. In addition to the budget constraint, the optimum conditions are that
The most complex factor in this expression -the one in brackets -is independent of i. Combining Domestic energy demand in the model comes from the household and transport sectors, where per capita energy demand is determined by incomes and fuel prices, subject to the possible constraint placed by a mandatory blend ratio. International demand is assumed to be so large that national production has no effect on prices (fuel prices, both domestic and international, are discussed in Section 5). Rural and urban populations can have different demand parameters, as well as different income levels and fuel prices.
Population growth in rural and urban areas, and economic growth, are given exogenously. From these, average income (as gross domestic product per capita) is calculated. Rural and urban incomes are then determined from an exogenous rural-to-urban income ratio.
Constant elasticity of substitution utility function
It is expected that biofuels and fossil fuels will coexist and be used for similar purposes for a substantial time, while ethanol can be used as an additive to petrol. That is, they do not act as perfect substitutes. However, they do not act as perfect complements -the precise mix of fossil fuels and biofuels can vary depending on relative price, technology, convenience, policy, fashion and other factors. This suggests that demands should be represented by a functional form that is intermediate between that of a perfect substitute and of a perfect complement: the constant elasticity of substitution (CES) demand function has this property. Accordingly, we assume the following CES utility function for the model:
In this function, the 16 strongly outperform the average non-biofuel portfolio to gain a substantial share. As the variance 2 of non-biofuel investments increases, potential competition from non-bioenergy investments also increases. When is close to zero, high-performing investments receive high weights, and when is close to one, even poorly-performing investments may receive a substantial weight.
Implementing a minimum level of domestic investment
Domestic energy demand
Domestic energy demand in the model comes from the household and transport sectors, where per capita energy demand is determined by incomes and fuel prices, subject to the possible constraint placed by a mandatory blend ratio. International demand is assumed to be so large that national production has no effect on prices (fuel prices, both domestic and international, are discussed in Section 5). Rural and urban populations can have different demand parameters, as well as different income levels and fuel prices.
Constant elasticity of substitution utility function
In this function, the x i are the quantities of fuel consumed in physical terms (litres or kilograms), the are conversion efficiencies (for instance, conversion of combustible fuels into heat in a stove), while the η i are energy density factors that convert physical quantities into their energy equivalents. The ˆ( ⃗) are coefficients within the utility function that express the degree of preference for one fuel over are the quantities of fuel consumed in physical terms (litres or kilograms), the 16 strongly outperform the average non-biofuel portfolio to gain a substantial share. As the variance 2 of non-biofuel investments increases, potential competition from non-bioenergy investments also increases. When is close to zero, high-performing investments receive high weights, and when is close to one, even poorly-performing investments may receive a substantial weight.
Implementing a minimum level of domestic investment
Domestic energy demand
Constant elasticity of substitution utility function
In this function, the x i are the quantities of fuel consumed in physical terms (litres or kilograms), the are conversion efficiencies (for instance, conversion of combustible fuels into heat in a stove), while the η i are energy density factors that convert physical quantities into their energy equivalents. The ˆ( ⃗) are coefficients within the utility function that express the degree of preference for one fuel over are conversion efficiencies (for instance, conversion of combustible fuels into heat in a stove), while the 16 strongly outperform the average non-biofuel portfolio to gain a substantial share. As the variance 2 of non-biofuel investments increases, potential competition from non-bioenergy investments also increases. When is close to zero, high-performing investments receive high weights, and when is close to one, even poorly-performing investments may receive a substantial weight.
Implementing a minimum level of domestic investment
Domestic energy demand
Constant elasticity of substitution utility function
In this function, the x i are the quantities of fuel consumed in physical terms (litres or kilograms), the are conversion efficiencies (for instance, conversion of combustible fuels into heat in a stove), while the η i are energy density factors that convert physical quantities into their energy equivalents. The ˆ( ⃗) are coefficients within the utility function that express the degree of preference for one fuel over are energy density factors that convert physical all i-independent factors into an overall coefficient 17 optimum conditions are that
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Reference prices
The reference prices can be formulated in a convenient way. If all that a consumer wanted from a fuel was the energy services it provided, then they would set their reference prices to scale with the product , Equation 37 can be rearranged to show that
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Finding the optimal allocation
Reference prices
The reference prices can be formulated in a convenient way. If all that a consumer wanted from a fuel was the energy services it provided, then they would set their reference prices to scale with the product will be referred to as 'reference prices' in the rest of this document.
The reference prices can be formulated in a convenient way. If all that a consumer wanted from a fuel was the energy services it provided, then they would set their reference prices to scale with the product of efficiency and energy density of efficiency and energy density [ ]. That is, prices in terms of energy services provided should be identical. However, people look for many characteristics other than energy services in a fuel, such as convenience and the taste they impart to foods. Even for closely substitutable fuels, such as ethanol and petrol, people may in some circumstances think one of them less attractive. For example, biofuels may be thought less desirable because they have a lower energy density than their fossil equivalents, and so require more frequent fill-ups, or because they are not seen as sufficiently 'modern'. Alternatively, consumers may see biofuels as more attractive because they are seen as 'green'. For this reason, references prices are expected to have the following form:
where π is a constant that is common to all fuels and ( ⃗) reflects a relative preference for the fuel. When the preference term is positive, the reference price is higher than expected, and so the fuel will be attractive at a higher than expected price. The opposite is true when the preference term is negative.
The preference term ( ⃗) can depend on many factors; however, the factors are expected to change systematically with income level. To take one example, when roads are poor, modern fuels that must be transported from cities to rural areas can be less convenient than traditional fuelwood. To take another example, people with low and uncertain incomes may be less able to afford an expensive but efficient device, even if it should save them money in the long term. This is consistent with the concept of the 'energy ladder', where households move through a relatively predictable sequence of fuels as their incomes increase (Hosier 1993 (Hosier , 2004 . Preferences can also be expected to change over time, independent of income. Most importantly for this model, preferences for biofuels may change over time as perceptions about biofuels change. To capture the change in both income and time, the following formulation is used in the model:
The factors γ i are income elasticities, which might be either positive (for preferred fuels, such as liquid
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The factors γ i are income elasticities, which might be either positive (for preferred fuels, such as fuels) or negative (for less attractive fuels, such as wood). As average income increases, the refe price rises for preferred fuels and declines for undesirable fuels, as households climb the energy From equations 39 and 40 it can be seen that average income [¯], and time [t] are the parameter determine the reference pricesˆ( ⃗) and the coefficient ( ⃗), so that ⃗ = (¯, ).
Multinomial logit demand function
The normalisation coefficient (¯, ) is determined by calculating the sum in Equation 35,
where the income and time dependence of the reference prices and the normalization coefficient shown explicitly. Solving for (¯, ) and substituting into Equation 38 gives an expression for f consumption,
can depend on many factors; however, the factors are expected to change systematically with income level. To take one example, when roads are poor, modern fuels that must be transported from cities to rural areas can be less convenient than traditional fuelwood. To take another example, people with low and uncertain incomes may be less able to afford an expensive but efficient device, even if it should save them money in the long term. This is consistent with the concept of the 'energy ladder' , where households move through a relatively predictable sequence of fuels as their incomes increase (Hosier 1993 (Hosier , 2004 . Preferences can also be expected to change over time, independent of income. Most importantly for this model, preferences for biofuels may change over time as perceptions about biofuels change. To capture the change in both income and time, the following formulation is used in the model:
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and substituting into Equation 38 gives an expression for fuel consumption,
The national bioenergy investment model
This expression predicts that energy expenditure shares [s i ] will follow a multinomial logit model (Kennedy 2003) , where expenditure shares are linked to fuel consumption [
¯) �� �ˆ(¯,
In the multinomial logit model,
(¯) �� �ˆ(¯, 
where the variables [z i ] depend on prices, average income and time. Substituting for the reference prices using equations 39 and 40, the expression for the variables z i can be shown to be
In the model, an auxiliary Excel workbook estimates the parameters in Equation 45 using data on fuel shares, fuel prices and device efficiencies in rural and urban areas. The parameters are estimated using Excel's Solver facility. For both household and transport fuels, the solver is run twice: in the first run the substitutability parameter α is set equal to 0.5; in the second run it is left free. This two-pass strategy avoids some problems when α = 1 in Equation 45.
Implementing a mandatory blend ratio
Under a mandatory blend ratio, whenever a fossil fuel is consumed, a proportional amount of an equivalent biofuel must also be consumed. It is permissible for more of the biofuel to be consumed, but not less. If the blend ratio is r blend , then the relationship between biofuel consumption [x B ] and fossil fuel consumption [x F ] is 
That is, the price and energy density are calculated by averaging with the blending fraction, but the demand parameters γ F and 0 ( ) and the device efficiency are those of the corresponding fossil fuel. Consumption of the equivalent fossil fuel and biofuel are then calculated as 
This ensures that demand for the biofuel is at least at the level given by the mandatory blending target, but may also be higher if there is demand for the biofuel independent of the blending target.
depend on prices, average income and time. Substituting for the reference prices using equations 39 and 40, the expression for the variables
where the income and time dependence of the reference prices and the normalization coefficient are shown explicitly. Solving for C   y ,t  and substituting into Equation (38) gives an expression for fuel consumption,
This expression predicts that energy expenditure shares s i will follow a multinomial logit model [33] , where expenditure shares are linked to fuel consumption x i via
where the variables z i depend on prices, average income, and time. Substituting for the reference prices using Equations (39) and (40), the expression for the variables z i can be shown to be
In the model, an auxiliary Excel workbook estimates the parameters in Equation (45) using data on fuel shares, fuel prices, and device efficiencies in rural and urban areas. The parameters are estimated using Excel's Solver facility. For both household and transport fuels the solver is run twice: in the first run the substitutability parameter α is set equal to 0.5. In the second run it is left free. This two-pass strategy avoids some problems when α = 1 in Equation (45).
IMPLEMENTING A MANDATORY BLEND RATIO
Under a mandatory blend ratio, whenever a fossil fuel is consumed, a proportional amount of an equivalent biofuel must also be consumed. It is permissable for more of the biofuel to be consumed, but not less. If the blend ratio is r blend , then the relationship between biofuel consumption x B and fossil fuel consumption x F , is
This is handled in the model by replacing the fossil fuel F with a blend at the mandatory blend ratio in the demand function. The equivalent to Equation (45) for the blended fuel is
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ternational price + (1 -export share) × domestic price. (49)
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For vertically integrated operations, production as a share of the maximum is determined by production costs relative to biofuel price. In the model, the capital flowing to feedstock production and to biofuel production in vertically integrated operations is tracked separately from investments made in strictly feedstock or strictly biofuel operations. The model distinguishes between vertically integrated and independent fuel and feedstock operations by the capital stock invested in each type of operation. Because capital stock is removed through depreciation, this accounts for the withdrawal of vertically integrated or independent operations from the market.
International fuel prices
Fossil fuel prices are set exogenously, as the price that prevails in international markets, the FOB price. It is assumed that at an international level, biofuels receive a premium or a penalty relative to the equivalent fossil fuel. For example, ethanol has about 65% of the energy density of petrol, and so the FOB price of ethanol in the model is 65% of the price of petrol, multiplied by a markup (or markdown) that captures the preference on the international market for biofuels compared to fossil fuels. This gives an Prices are determined within a dynamic equilibriumseeking framework. In this equilibrium-seeking model, at any given time, there are potentially distinct prices for each type of consumer -rural, urban and international. Within the country, prices for each consumer category can be affected by transport costs, local demand patterns, taxes and subsidies. International prices are determined, fundamentally, by the free on-board (FOB) price of fuels as determined in international markets, but are further influenced by costs at port, domestic taxes, subsidies and tariffs.
Feedstock producers respond to the domestic price. Biofuel producers respond to an average of international and domestic prices, based on the share of total biofuel production that is exported rather than consumed domestically. That is, producer price = export share × international price + (1 -export share) × domestic price (49)
Producers respond to prices in two ways. First, sufficiently high expected profit (which depends on prices) drives investment, leading to increased production. Second, if prices fall below operating costs, then producers reduce their production. They compare the producer price equilibrium-seeking framework. In this equilibrium-seeking ntially distinct prices for each type of consumer -rural, urban rices for each consumer category can be affected by transport subsidies. International prices are determined, fundamentally, ls as determined in international markets, but are further xes, subsidies and tariffs.
estic price. Biofuel producers respond to an average of on the share of total biofuel production that is exported rather × international price + (1 -export share) × domestic price. (49) s. First, sufficiently high expected profit (which depends on creased production. Second, if prices fall below operating costs, They compare the producer price [p prod ] to the production cost,
roduction costs, they reduce production [X] to a fraction of the e 2.
to the production cost, calculated as 
If the price falls sufficiently far below production costs, they reduce production [X] to a fraction of the maximum, following the curve in Figure 2 .
The producer price for feedstocks is set to the domestic producer price. For biofuels, it is set to the international producer price, partly because of practical limitations of the model, but mainly because the biofuel market is directed primarily at an external market.
adjusted FOB price. For internationally traded fuels, domestic and international producer prices are calculated as adjusted FOB price + freight, wharfage, etc. = landed price + taxes and levies = domestic price + domestic subsidies = domestic producer price adjusted FOB price + export taxes + export subsidies = international producer price.
Domestic fuel prices
Domestic fuel prices are calculated with an equilibrium-seeking algorithm. Because most of the cross-fuel and cross-business model interactions are captured either by the investment or demand models described in previous sections, a simplified notation is used in this section to explain the algorithm. In this simplified notation most subscripts are suppressed.
Once a biofuel producing facility has been established, its maximum capacity is limited either by the availability of capital [K] (Quandt 1988 , Ferguson 1998 , Hallegatte et al. 2008 . (48b) rt share × international price + (1 -export share) × domestic price. (49) prod
reight, wharfage, etc. = landed price domestic price = domestic producer price xport taxes + export subsidies = international producer price.
( 52) where a, which has units of inverse time, is a constant that relates excess demand to changes in price. The stock of capital changes due to investment and depreciation, . (48b) share × international price + (1 -export share) × domestic price. (49) prod
ht, wharfage, etc. = landed price estic price domestic producer price ort taxes + export subsidies = international producer price.
Together, equations 52 and 53 provide a dynamic, equilibrium-seeking behaviour in which consumers and producers move toward the price at which demand and supply are equal. Since various factors influencing demand and supply change over time in the model, it is possible that the equilibrium is never reached, and is always being sought -as in many real markets.
Additional features are added to this model to capture the fact that there are different kinds of producers (large and small scale) and different markets (rural, urban and international). First, prices in any market are adjusted by transport costs. It is assumed that small-scale producers are located in rural areas, while large-scale producers are assumed to be located close to urban areas (and international ports). Thus, transport costs between small-scale producers and rural consumers are lower than those between small-scale producers and urban consumers. Second, domestic prices do not rise above international prices. For example, if a rural consumer can get a better price by buying fuel imports, despite the cost of transporting the product from a port, then they will do that, rather than buying a local product. Third, both large and small producers sell into the rural, urban and international markets, with shares determined by price. Denoting the producer price in urban areas (corrected for transport costs) as p U , in rural areas as p R , and internationally as p I , a producer's urban share [s U ] is calculated as
The rural and international shares are calculated similarly. The factor k/p I is a common scaling factor for all terms. The international price [p I ] ensures correct units and a reasonable scale. The constant [k] is set to k = 1 in the model.
Because producers shift between markets based on shares, while consumers are assumed to buy the least expensive option, consumer prices can drop slightly below the international price if the local market is saturated, but they will not rise above the international price.
Feedstock prices
As with domestic fuel prices, feedstock prices are determined by an equilibrium-seeking algorithm, and the presentation uses a simplified notation. 
where b relates excess demand to changes in price.
The stock of capital changes in each sector due to investment and depreciation,
With these equations, prices adjust via differential rates of investment in fuel and feedstock operations, as well as the change in non-bioenergy feedstock demand.
Both Equation 56a
and Equation 53 affect capital accumulation for fuel consumption. In the model, both the feedstock price and the biofuel price affect the attractiveness of biofuel production as an investment. To simplify the presentation of the algorithm, the combination of effects is not presented explicitly here.
Price adjustment coefficients and 'tâtonnement'
In equations 52 and 55, prices adjust when supply is not equal to demand, following
where k is the price adjustment coefficient. This is a version of the classical 'tâtonnement', or 'groping' process, described by Walras, in which prices are announced by sellers, buyers decide on their purchases on the basis of those prices, and then sellers subsequently adjust their prices based on their observations of the market (Walker 1987 , Ferguson 1998 . In contrast to the canonical disequilibrium model, in which the adjustment parameter has units of quantity per unit price, per unit time, Equation 57 has only a time scale, and the adjustment parameter k as units of inverse time.
In order to better interpret Equation 57 and to gain some understanding of reasonable values for k, we rewrite Equation 57 as
At the equilibrium price [p*], the ratio [R(p)] is equal to zero, and S(p*) = D(p*). Suppose that near the equilibrium price, the price elasticity of demand is
At the equilibrium price p*, the ratio R(p) is equal to zero, and S(p*) = D(p*). Suppose that near the equilibrium price, the price elasticity of demand is -α, and the price elasticity of supply is β. Then, because supply and demand are equal at the equilibrium price, for prices near equilibrium,
Setting the price equal to the equilibrium price plus a small gap, p= p
Because R(p*) = 0, this simplifies to dp dt ≈k p * dR dp | p= p
Taking the derivative of R(p) with respect to p using Equation (60), and substituting into Equation (62) gives dp dt
so that, in a time step Δt, the price changes by an amount
The direction of change is opposite that of Δp, because the tâtonnement process restores prices to equilibrium. To understand the value of k, we rearrange Equation (64) and take the absolute value, to give
The ratio |   p / p| is the size of the price step relative to the initial distance from the price at equilibrium. If the ratio is close to or greater than one, then price adjustments will tend to overshoot and prices will leap about their equilibrium value. If it is significantly less than one then the price will tend to converge smoothly towards its equilibrium. The sum α + β is the combined elasticity of demand and supply. Since it is in the denominator, for a fixed relative price step, the value of k when demand and supply are relatively elastic should be smaller than if demand and supply are relatively inelastic.
Demand and supply elasticities in the model are influenced by many factors, and differ in the short and , and the price elasticity of supply is
Demand and supply elasticities in the model are influenced by many factors, and differ in the short and . Then, because supply and demand are equal at the equilibrium price, for prices near equilibrium,
Setting the price equal to the equilibrium price plus a small gap, we have
Because R(p*) = 0, this simplifies to
Taking the derivative of R(p) with respect to p, using Equation 60, and substituting into Equation 62 gives
so that, in a time-step [Δt], the price changes by an amount
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The direction of change is opposite that of Δp, because the tâtonnement process restores prices to equilibrium. To understand the value of k, we rearrange Equation 64 and take the absolute value, to givê
The ratio
24
The direction of change is opposite that of Δp, because the tâtonnement process restores prices to equilibrium. To understand the value of k, we rearrange Equation 64 and take the absolute value, to give
The ratio | |ˆ/ | | is the size of the price step relative to the initial distance from the price at equilibrium. If the ratio is close to or greater than one, then price adjustments will tend to overshoot and prices will leap about their equilibrium value. If it is significantly less than one then the price will tend to converge smoothly towards its equilibrium. The sum α + β is the combined elasticity of demand and supply. Since it is in the denominator, for a fixed relative price step, the value of k when demand and supply are relatively elastic should be smaller than if demand and supply are relatively inelastic.
Demand and supply elasticities in the model are influenced by many factors, and differ in the short and long term due to lags in production. Moreover, the data needed to properly calibrate the model are lacking. Thus, we do not apply Equation 65 directly. Instead, in the model, we assign default values to the price adjustment coefficients that give reasonable behaviour, and then carry out sensitivity runs between half and twice the default value.
Wages and land price
Wages and land prices are important determinants of investment and profitability for biofuel and feedstock operations. If they are too high, then investments will not flow. Also, as wages rise over time, a profitable operation can become unprofitable.
Over time, average income (gross domestic product per capita) is expected to rise. Wages will also tend to rise with average income, but perhaps not at the same rate. This is captured in the model by having wages [w] vary with average income [y] in the following way:
where η is, for low-income jobs, typically less than one. If η = 1, then wages in the sector (and particular business model) rise at the same rate as average income across the economy. If η < 1, then wages rise less quickly than for the economy as a whole.
The price of land [p N ] is expected to rise as land becomes more scarce. This is captured in the model with the following formula:
With this equation, prices stay low until the area planted with feedstock gets close to the maximum, as shown in Figure 3 . The price diverges as the maximum area is approached -the steeply rising price effectively shuts off investment at some point below the maximum, when the price rises to the point that further investment becomes unprofitable.
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ice step relative to the initial distance from the price at ater than one, then price adjustments will tend to overshoot m value. If it is significantly less than one then the price will uilibrium. The sum α + β is the combined elasticity of demand r, for a fixed relative price step, the value of k when demand e smaller than if demand and supply are relatively inelastic.
del are influenced by many factors, and differ in the short and eover, the data needed to properly calibrate the model are (65) directly. Instead, in the model we assign default values to e reasonable behavior, and then carry out sensitivity runs alue.
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is the combined elasticity of demand and supply. Since it is in the denominator, for a fixed relative price step, the value of k when demand and supply are relatively elastic should be smaller than if demand and supply are relatively inelastic.
Wages and land price
Over time, average income (gross domestic product per capita) is expected to rise. Wages will also tend to rise with average income, but perhaps not at the same rate. This is captured in the model by having 
where Wages and land prices are important determinants of invest feedstock operations. If they are too high, then investments a profitable operation can become unprofitable.
Over time, average income (GDP per capita) is expected to income, but perhaps not at the same rate. This is captured i average income y in the following way:
where η is, for low-income jobs, typically less than one. If particular business model) rise at the same rate as average i wages rise less quickly than for the economy as a whole.
The price of land p N is expected to rise as land becomes mo the following formula:
With this equation, prices stay low until the area planted to as shown in Figure 3 . The price diverges as the maximum a effectively shuts off investment at some point below the ma that further investment becomes unprofitable.
Within the model, each feedstock is assigned a maximum l in the case of no agroecological zoning and another area sp 
WAGES AND LAND PRICE
Over time, average income (GDP per capita) is expected to rise. Wages will tend to rise with average income, but perhaps not at the same rate. This is captured in the model by having wages w vary with average income y in the following way:
The price of land p N is expected to rise as land becomes more scarce. This is captured in the model with the following formula:
With this equation, prices stay low until the area planted to feedstock gets quite close to the maximum, as shown in Figure 3 . The price diverges as the maximum area is approached -the steeply rising price effectively shuts off investment at some point below the maximum, when the price rises to the point that further investment becomes unprofitable.
Within the model, each feedstock is assigned a maximum land area and a price, with one area specified in the case of no agroecological zoning and another area specified with agroecological zoning. , then wages in the sector rise at the same rate as average income across the economy. If are important determinants of investment and profitability for biofuel and f they are too high, then investments will not flow. Also, as wages rise over time, can become unprofitable. ome (GDP per capita) is expected to rise. Wages will tend to rise with average ot at the same rate. This is captured in the model by having wages w vary with e following way:
ome jobs, typically less than one. If η = 1, then wages in the sector (and del) rise at the same rate as average income across the economy. If η < 1, then than for the economy as a whole.
expected to rise as land becomes more scarce. This is captured in the model with :
ces stay low until the area planted to feedstock gets quite close to the maximum, The price diverges as the maximum area is approached -the steeply rising price vestment at some point below the maximum, when the price rises to the point t becomes unprofitable.
h feedstock is assigned a maximum land area and a price, with one area specified cological zoning and another area specified with agroecological zoning. , then wages rise less quickly than for the economy as a whole.
Within the model, each feedstock is assigned a maximum land area and a price, with one area specified in the case of no agroecological zoning and another area specified with agroecological zoning.
Land price
Land area, A A max PN
Risk and learning
that value into a premium on the discount rate, the following transformation is applied,
In Equation 69,
SYSTEMATIC RISK AND CURRENCY RISK
As explained in Section Investment, the parameter β is a measu from an investment and the market as a whole -the systematic parameter γ represents how correlated the value of the national The parameters β and γ are introduced in the same way that they or international tables. While data for biofuel investments are sc of possible values for β. This is discussed below, on page 28.
MACROPOLITICAL AND MACROECONOMIC RISK
The macro risk factor ρ macro is estimated in the model using the c Global Insight, which rates countries' risk on a scale from 1 (lo value into a premium on the discount rate, the following transfo
In this equation,  is a small value that ensures that ρ macro does R IHS is equal to five. The value   macro is the value of ρ macro when risk. Representative values for ρ macro when =0.01 and   macro = countries using data from IHS Global Insight. As can be seen, t higher risk levels.
is a small value that ensures that
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Risk and learning
In this model, risk is captured entirely in the expression for the expected return, copied here from Equation (16),
(68
In this expression, the risk factors γ and ρ macro can, in principle, be gathered from data. The systematic risk coefficient β can be calculated for many investments, but not for biofuel investments in most countries, as there are insufficient historical data to support the calculation. The micro term ρ micro depends to some extent on subjective factors, and so it cannot be estimated from historical data. In practice, ρ micro might be based on checklists, personal knowledge, or expert opinion [22] . The "irration optimism" term θ might be estimable from behavioral finance research [30] , but in the model it plays the role of a scenario parameter or as an adjustment parameter. For example, a scenario may explore irrational optimism over some particular biofuel. A positive value for θ can be applied in that scenario SYSTEMATIC RISK AND CURRENCY RISK As explained in Section Investment, the parameter β is a measure of the correlation between the return from an investment and the market as a whole -the systematic risk. Similarly, the currency risk parameter γ represents how correlated the value of the national currency is to a basket of currencies. The parameters β and γ are introduced in the same way that they might be reported in earnings reports or international tables. While data for biofuel investments are scarce, it is possible to estimate a range of possible values for β. This is discussed below, on page 28.
MACROPOLITICAL AND MACROECONOMIC RISK
The macro risk factor ρ macro is estimated in the model using the country risk factors R IHS from IHS Global Insight, which rates countries' risk on a scale from 1 (low risk) to 5 (high risk). To convert tha value into a premium on the discount rate, the following transformation is applied,
In this equation,  is a small value that ensures that ρ macro does not become undefined if the risk facto R IHS is equal to five. The value   macro is the value of ρ macro when R IHS = 3: that is, at medium levels of risk. Representative values for ρ macro when =0.01 and   macro =1 % are shown in Table 1 for selected countries using data from IHS Global Insight. As can be seen, the values begin to increase rapidly at higher risk levels.
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( In this expression, the risk factors γ and ρ macro can, in principle, be gathered from data. The systemat risk coefficient β can be calculated for many investments, but not for biofuel investments in most countries, as there are insufficient historical data to support the calculation. The micro term ρ micro depends to some extent on subjective factors, and so it cannot be estimated from historical data. In practice, ρ micro might be based on checklists, personal knowledge, or expert opinion [22] . The "irrati optimism" term θ might be estimable from behavioral finance research [30] , but in the model it pla the role of a scenario parameter or as an adjustment parameter. For example, a scenario may explor irrational optimism over some particular biofuel. A positive value for θ can be applied in that scena SYSTEMATIC RISK AND CURRENCY RISK As explained in Section Investment, the parameter β is a measure of the correlation between the retu from an investment and the market as a whole -the systematic risk. Similarly, the currency risk parameter γ represents how correlated the value of the national currency is to a basket of currencies The parameters β and γ are introduced in the same way that they might be reported in earnings repo or international tables. While data for biofuel investments are scarce, it is possible to estimate a ran of possible values for β. This is discussed below, on page 28.
MACROPOLITICAL AND MACROECONOMIC RISK
The macro risk factor ρ macro is estimated in the model using the country risk factors R IHS from IHS Global Insight, which rates countries' risk on a scale from 1 (low risk) to 5 (high risk). To convert t value into a premium on the discount rate, the following transformation is applied,
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Risk and learning
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The macro risk factor ρ macro is estimated in the model using the country ris Global Insight, which rates countries' risk on a scale from 1 (low risk) to value into a premium on the discount rate, the following transformation is
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The macro risk factor ρ macro is estimated in the model using the co Global Insight, which rates countries' risk on a scale from 1 (low value into a premium on the discount rate, the following transform
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24
and the role of a scenario parameter or as an adjustment parameter. For example, a scenario may explore irrational optimism over some particular biofuel. A positive value for θ can be applied in that scenario.
SYSTEMATIC RISK AND CURRENCY RISK
As explained in Section Investment, the parameter β is a measure of the correlation between the returns from an investment and the market as a whole -the systematic risk. Similarly, the currency risk parameter γ represents how correlated the value of the national currency is to a basket of currencies. The parameters β and γ are introduced in the same way that they might be reported in earnings reports or international tables. While data for biofuel investments are scarce, it is possible to estimate a range of possible values for β. This is discussed below, on page 28.
MACROPOLITICAL AND MACROECONOMIC RISK
The macro risk factor ρ macro is estimated in the model using the country risk factors R IHS from IHS Global Insight, which rates countries' risk on a scale from 1 (low risk) to 5 (high risk). To convert that value into a premium on the discount rate, the following transformation is applied,
In this equation,  is a small value that ensures that ρ macro does not become undefined if the risk factor R IHS is equal to five. The value   macro is the value of ρ macro when R IHS = 3: that is, at medium levels of risk. Representative values for ρ macro when =0.01 and   macro =1 % are shown in Table 1 for selected countries using data from IHS Global Insight. As can be seen, the values begin to increase rapidly at higher risk levels.
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are shown in Table 1 for selected countries using data from IHS Global Insight. As the table shows, the values begin to increase rapidly at higher risk levels. 
Risk and learning
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MACROPOLITICAL AND MACROECONOMIC RISK
The macro risk factor ρ macro is estimated in the model using the Global Insight, which rates countries' risk on a scale from 1 (l value into a premium on the discount rate, the following trans
In this equation,  is a small value that ensures that ρ macro doe R IHS is equal to five. The value   macro is the value of ρ macro whe risk. Representative values for ρ macro when =0.01 and   macr countries using data from IHS Global Insight. As can be seen, higher risk levels. 
Risk and learning
MACROPOLITICAL AND MACROECONOMIC RISK
The macro risk factor ρ macro is estimated in the model using the country risk factors R IHS from IHS Global Insight, which rates countries' risk on a scale from 1 (low risk) to 5 (high risk). To convert tha value into a premium on the discount rate, the following transformation is applied, = macro risk factor R IHS = country risk factor
Micropolitical and microeconomic risk
The remaining term 
ression, the risk factors γ and ρ macro can, in principle, be gathered from data. The systematic cient β can be calculated for many investments, but not for biofuel investments in most as there are insufficient historical data to support the calculation. The micro term ρ micro some extent on subjective factors, and so it cannot be estimated from historical data. In micro might be based on checklists, personal knowledge, or expert opinion [22] . The "irrational term θ might be estimable from behavioral finance research [30] , but in the model it plays a scenario parameter or as an adjustment parameter. For example, a scenario may explore ptimism over some particular biofuel. A positive value for θ can be applied in that scenario.
RISK AND CURRENCY RISK ed in Section Investment, the parameter β is a measure of the correlation between the returns vestment and the market as a whole -the systematic risk. Similarly, the currency risk γ represents how correlated the value of the national currency is to a basket of currencies. eters β and γ are introduced in the same way that they might be reported in earnings reports ional tables. While data for biofuel investments are scarce, it is possible to estimate a range values for β. This is discussed below, on page 28.
is calculated in the model based on perceptions. It is calculated using a simple heuristic formula, ≡ ≈ −( )( + ) .
where the The remaining term ρ micro is calculated in the model based on p heuristic formula,
where the φ i are various factors that affect perceived risk, and default setting for the model, the weights are all set equal to on zero to one, and as they increase, risk goes down. The factor  of risk is highest.
Separate sets of factors apply to feedstock production and fuel the factors are
• political commitment (or political "will"),
• farmer knowledge,
• security of tenure, are various factors that affect perceived risk, and the exponents b i are weights. In the default setting for the model, the weights are all set equal to one. All of the factors take values from zero to one, and as they increase, risk goes down. The factor The remaining term ρ micro is calculated in the model based on perceptions. It is calculated using a simple heuristic formula,
where the φ i are various factors that affect perceived risk, and the exponents b i are weights. In the default setting for the model, the weights are all set equal to one. All of the factors take values from zero to one, and as they increase, risk goes down. The factor   micro is the value of ρ micro when the level of risk is highest.
Separate sets of factors apply to feedstock production and fuel production. For feedstock production, the factors are
• political commitment (or political "will"), 
here the φ i are various factors that affect perceived risk, and the exponents b i are weights. In the efault setting for the model, the weights are all set equal to one. All of the factors take values from ero to one, and as they increase, risk goes down. The factor   micro is the value of ρ micro when the level f risk is highest.
eparate sets of factors apply to feedstock production and fuel production. For feedstock production, he factors are
• political commitment (or political "will"), when the level of risk is highest.
In the model, risk is captured entirely in the expression for the expected return, copied here from Equation 16,
(69)
rf ) + curr + macro + micro − .
In this expression, the risk factors
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In this expression, the risk factors γ and ρ macro can, in principle, be gathered from data. The systematic risk coefficient β can be calculated for many investments, but not for biofuel investments in most countries, as there are insufficient historical data to support the calculation. The micro term ρ micro depends to some extent on subjective factors, and so it cannot be estimated from historical data. In practice, ρ micro might be based on checklists, personal knowledge, or expert opinion [22] . The "irrational optimism" term θ might be estimable from behavioral finance research [30] , but in the model it plays the role of a scenario parameter or as an adjustment parameter. For example, a scenario may explore irrational optimism over some particular biofuel. A positive value for θ can be applied in that scenario.
SYSTEMATIC RISK AND CURRENCY RISK
MACROPOLITICAL AND MACROECONOMIC RISK
and
Risk and learning
SYSTEMATIC RISK AND CURRENCY RISK
MACROPOLITICAL AND MACROECONOMIC RISK
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can, in principle, be gathered from data. The systematic risk coefficient
Risk and learning
SYSTEMATIC RISK AND CURRENCY RISK
MACROPOLITICAL AND MACROECONOMIC RISK
can be calculated for many investments, but not for biofuel investments in most countries, as there are insufficient historical data to support the calculation. The micro term 
cro can, in principle, be gathered from data. The systematic y investments, but not for biofuel investments in most l data to support the calculation. The micro term ρ micro rs, and so it cannot be estimated from historical data. In , personal knowledge, or expert opinion [22] . The "irrational behavioral finance research [30] , but in the model it plays justment parameter. For example, a scenario may explore ofuel. A positive value for θ can be applied in that scenario.
rameter β is a measure of the correlation between the returns ole -the systematic risk. Similarly, the currency risk alue of the national currency is to a basket of currencies. e same way that they might be reported in earnings reports el investments are scarce, it is possible to estimate a range elow, on page 28.
the model using the country risk factors R IHS from IHS on a scale from 1 (low risk) to 5 (high risk). To convert that the following transformation is applied,
sures that ρ macro does not become undefined if the risk factor value of ρ macro when R IHS = 3: that is, at medium levels of =0.01 and   macro =1 % are shown in Table 1 for selected ht. As can be seen, the values begin to increase rapidly at depends to some extent on subjective factors, and so it cannot be estimated from historical data; in practice, DRAFT turn, copied here from 
undefined if the risk factor at is, at medium levels of own in Table 1 for selected egin to increase rapidly at might be based on checklists, personal knowledge or expert opinion (Moosa 2002 
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MACROPOLITICAL AND MACROECONOMIC RISK
In this equation,  is a small value that ensures that ρ macro does not become undefined if the risk factor R IHS is equal to five. The value   macro is the value of ρ macro when R IHS = 3: that is, at medium levels of risk. Representative values for ρ macro when =0.01 and   macro =1 % are shown in Table 1 for selected countries using data from IHS Global Insight. As can be seen, the values begin to increase rapidly at higher risk levels. 
Risk and learning
In this expression, the risk factors γ and ρ macro can, in principle, be gathered from data. The system risk coefficient β can be calculated for many investments, but not for biofuel investments in mos countries, as there are insufficient historical data to support the calculation. The micro term ρ micro depends to some extent on subjective factors, and so it cannot be estimated from historical data. practice, ρ micro might be based on checklists, personal knowledge, or expert opinion [22] . The "ir optimism" term θ might be estimable from behavioral finance research [30] , but in the model it the role of a scenario parameter or as an adjustment parameter. For example, a scenario may exp irrational optimism over some particular biofuel. A positive value for θ can be applied in that sce SYSTEMATIC RISK AND CURRENCY RISK As explained in Section Investment, the parameter β is a measure of the correlation between the from an investment and the market as a whole -the systematic risk. Similarly, the currency risk parameter γ represents how correlated the value of the national currency is to a basket of currenc The parameters β and γ are introduced in the same way that they might be reported in earnings re or international tables. While data for biofuel investments are scarce, it is possible to estimate a of possible values for β. This is discussed below, on page 28.
MACROPOLITICAL AND MACROECONOMIC RISK
The macro risk factor ρ macro is estimated in the model using the country risk factors R IHS from IHS Global Insight, which rates countries' risk on a scale from 1 (low risk) to 5 (high risk). To conve value into a premium on the discount rate, the following transformation is applied,
In this equation,  is a small value that ensures that ρ macro does not become undefined if the risk R IHS is equal to five. The value   macro is the value of ρ macro when R IHS = 3: that is, at medium leve risk. Representative values for ρ macro when =0.01 and   macro =1 % are shown in Table 1 for se countries using data from IHS Global Insight. As can be seen, the values begin to increase rapidl higher risk levels.
can be applied in that scenario.
Systematic risk and currency risk
As explained in Section 3.3, the parameter
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Risk and learning
In this model, risk is captured entirely in the expression for the expected return, copied here Equation (16), r E =r rf   r ave −r rf   r curr  macro  micro − .
In this expression, the risk factors γ and ρ macro can, in principle, be gathered from data. The s risk coefficient β can be calculated for many investments, but not for biofuel investments in countries, as there are insufficient historical data to support the calculation. The micro term depends to some extent on subjective factors, and so it cannot be estimated from historical practice, ρ micro might be based on checklists, personal knowledge, or expert opinion [22] . Th optimism" term θ might be estimable from behavioral finance research [30] , but in the mod the role of a scenario parameter or as an adjustment parameter. For example, a scenario ma irrational optimism over some particular biofuel. A positive value for θ can be applied in th SYSTEMATIC RISK AND CURRENCY RISK As explained in Section Investment, the parameter β is a measure of the correlation between from an investment and the market as a whole -the systematic risk. Similarly, the currency parameter γ represents how correlated the value of the national currency is to a basket of cu The parameters β and γ are introduced in the same way that they might be reported in earni or international tables. While data for biofuel investments are scarce, it is possible to estima of possible values for β. This is discussed below, on page 28.
MACROPOLITICAL AND MACROECONOMIC RISK
The macro risk factor ρ macro is estimated in the model using the country risk factors R IHS from Global Insight, which rates countries' risk on a scale from 1 (low risk) to 5 (high risk). To c value into a premium on the discount rate, the following transformation is applied,
is a measure of the correlation between the returns from an investment and the market as a whole -the systematic risk. Similarly, the currency risk parameter ment Model NBIM: Technical Documentation DRAFT ured entirely in the expression for the expected return, copied here from
factors γ and ρ macro can, in principle, be gathered from data. The systematic alculated for many investments, but not for biofuel investments in most ufficient historical data to support the calculation. The micro term ρ micro n subjective factors, and so it cannot be estimated from historical data. In sed on checklists, personal knowledge, or expert opinion [22] . The "irrational e estimable from behavioral finance research [30] , but in the model it plays meter or as an adjustment parameter. For example, a scenario may explore ome particular biofuel. A positive value for θ can be applied in that scenario.
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Risk and learning
In this model, risk is captured entirely in the expression for the expected return, copied he Equation (16),
In this expression, the risk factors γ and ρ macro can, in principle, be gathered from data. Th risk coefficient β can be calculated for many investments, but not for biofuel investments countries, as there are insufficient historical data to support the calculation. The micro ter depends to some extent on subjective factors, and so it cannot be estimated from historica practice, ρ micro might be based on checklists, personal knowledge, or expert opinion [22] . optimism" term θ might be estimable from behavioral finance research [30] , but in the m the role of a scenario parameter or as an adjustment parameter. For example, a scenario m irrational optimism over some particular biofuel. A positive value for θ can be applied in SYSTEMATIC RISK AND CURRENCY RISK As explained in Section Investment, the parameter β is a measure of the correlation betwe from an investment and the market as a whole -the systematic risk. Similarly, the curren parameter γ represents how correlated the value of the national currency is to a basket of The parameters β and γ are introduced in the same way that they might be reported in ear or international tables. While data for biofuel investments are scarce, it is possible to estim . This is discussed in Section 7.1.
Macropolitical and macroeconomic risk
The macro risk factor [ 
] is estimated in the model using the country risk factors [R IHS ] from IHS Global Insight, which rates countries' risk on a scale from 1 (low risk) to 5 (high risk). To convert Separate sets of factors apply to feedstock production and fuel production. For feedstock production, the factors are • political commitment (or political 'will'); • farmer knowledge; and • security of tenure; while for fuel production, the factors are • political commitment; and • domestic experience with the particular fuel processing technology.
Political commitment and security of tenure are scenario variables that are simply set as values between zero and one. Farmer knowledge and domestic experience are calculated using a 'learning' submodel that allows for the stock of farmer-and national-knowledge to grow over time.
Learning
In the learning submodel, learning takes place in the following way. For a learning community (for example, farmers or extension workers), there is a maximum level of knowledge they can attain, as determined by the global level of knowledge. The global level is set as an exogenous parameter, with a value of zero representing no information at all and a value of one representing thorough knowledge that supports routine operations and standardization. If the maximum level for the 'learning index' [
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sets the maximum rate of accumulation of knowledge. Learning is fast if there is a large gap between local and general knowledge, and it slows down as the community's knowledge approaches the maximum level, which can change over time.
For feedstocks, the model for farmer knowledge applies a nested version of Equation 71. First, knowledge of extension workers grows toward an exogenously specified global level. Second, smallholder knowledge approaches a weighted average of the global level and extension worker knowledge, depending on how effective extension services are (a user-specified policy variable). Farmers on estates are assumed to have the same level of knowledge (or to have access to the same knowledge) as extension agents.
For the biofuel processing sector, Equation 71 is applied directly, with global experience specified exogenously and domestic experience approaching the global level with cumulative production.
In Equation 71, learning only takes place if there is production, consistent with conventional models of industrial learning (Hall and Howell 1985) . This is a consequence of the factor P(t) before the expression in parentheses. The solutions to Equation 71 can be related to observations from studies of industrial learning. In the special case where
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or feedstocks, the model for farmer knowledge applies a nested version of Equation (71). First, nowledge of extension workers grows toward an exogenously-specified global level. Second, think that the linear slope of experience curves has more to do with the benefits of increasing scale and other factors, rather than learning (Hall and Howell 1985) . As scale economies are explicitly taken into account in the NBIM, it is reasonable that the learning curve described by equations 71 and 72 follow the s-shaped pattern observed in studies of industrial learning. Nevertheless, we add a caution that industrial learning curves are based on the experience of individual plants, whereas equations 71 and 72 are applied at sector level.
Learning and yields
Yields in the model increase as farmers learn. Yields can increase by a maximum ratio y max relative to the initial value, an increase which is achieved only when the learning factor Learning and yields Yields in the model increase as farmers learn. Yields can increase by a maximum ratio y max relative to the initial value, an increase which is achieved only when the learning factor λ = 1. The ratio y(λ) as a function of the learning level is given by With this equation, when λ is at its initial value, = 0 , y(λ 0 ) = 1, as expected. When λ is at its maximum value of λ = 1, y(1) = y max , again as expected. Between the two extremes the yield increases linearly with the level of knowledge.
Parameter uncertainty
Scenario models are useful tools for exploring options under uncertainty. The most important type of uncertainty in a scenario is the set of highly uncertain and high-impact external factors that can significantly affect the success of a policy. However, ordinary parameter uncertainty is also present, as it is with any modeling effort. The model described in this document is particularly afflicted by parameter uncertainty, as it simulates a poorly-understood (although well-studied) phenomenon, investor decision-making. To communicate this uncertainty to the model user, the model is run in a "sensitivity mode" in which parameter values are sampled from statistical distributions. Typically, the literature provides plausible minimum, maximum, and nominal values, but not a statistical distribution. For simplicity, we sample parameters from triangular distributions, as illustrated in Figure 5 . As shown in the figure, the nominal value (that is, the model default value) is also the mode of the distribution. The probability is zero below the minimum and above the maximum, and otherwise the distribution is linear. Cumulative production (million tonnes)
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, y(1) = y max , again as expected. Between the two extremes the yield increases linearly with the level of knowledge. Scenario models are useful tools for exploring options under uncertainty. The most important types of uncertainty in a scenario are the highly uncertain and high-impact external factors that can significantly affect the success of a policy. However, ordinary parameter uncertainty is also present. The NBIM is particularly afflicted by parameter uncertainty, as it simulates a poorly understood (although well studied) phenomenon, investor decision making. To communicate this uncertainty to the model user, the model is run in a 'sensitivity mode', in which parameter values are sampled from statistical distributions. Typically, the literature provides plausible minimum, maximum and nominal values, but not a statistical distribution. For simplicity, we sample parameters from triangular distributions, as illustrated in Figure 5 . The nominal value (that is, the model default value) is also the mode of distribution. The probability is zero below the minimum and above the maximum, and otherwise the distribution is linear.
Investment betas
The model simulates two distinct but connected markets: that for biofuel feedstocks and that for biofuels. To the extent that biofuel feedstock markets behave like the market for farmland, b can be expected to be relatively low, around 0.2 (Barry 1980 , Canavari et al. 2002 ). However, s b for agribusiness firms have been found to be close to 1.0 (Wilson and Featherstone 2006, Tepe 2010) . Biofuel markets are likely to be sensitive to changes in the market as a whole, since they are linked to energy markets, so b is expected to be relatively large. While studies of biofuel markets using the ICAPM are rare (for example, Baker et al. [2008] applies ICAPM to the biofuel market, but does not report estimates for b ), renewable energy markets have been studied. In Sadorsky (2012), s b for renewable energy companies were found to be quite high, with benchmark estimates close to 2.0, but rising for some models close to 4.0. In the default settings for the model, b for feedstocks takes a value of 0.50, while in sensitivity runs it is assumed to follow a triangular distribution with a minimum of 0.25, a maximum of 1.50, and a mode of 0.50. The b for fuels defaults to 2.0, and in sensitivity runs follows a triangular distribution with a minimum of 0.75, a maximum of 3.00, and a mode of 2.00.
Investment uncertainty (entropy weight)
The weight [{] given to the entropy term in the investment objective function of Equation 19 is a tuning parameter for the model. In principle it can be estimated by fitting the model to observed data. However, few data are available with which to calibrate the model, and so it is represented as an uncertain parameter. The model user can set the minimum, maximum and nominal values. By default, for international investors, the values are set at 0.10 (minimum), 0.20 (nominal) and 0.30 (maximum). For domestic investors, the default values are 0.05 (minimum), 0.10 (nominal) and 0.15 (maximum). These values reflect an assumption that domestic investors are comparatively knowledgeable about local investment opportunities, and so the distribution of investments shows less uncertainty and less spread than for foreign investors.
Parameter uncertainty 7.3 Fuel and feedstock price adjustment coefficients
The price adjustment coefficients a and b for fuels and feedstocks determine the rate of price adjustment when supply and demand are out of equilibrium, as given in equations 52 and 55. As explained in Section 5.4, the parameters are assigned values that give apparently reasonable model behaviour. The user can adjust these separately for each fuel and feedstock. By default, they are set to 0.04/year for feedstocks and 0.50/year for fuels. As the parameters are quite uncertain, by default they are set to vary between half and twice their default values, that is, 0.02-0.08/year for feedstocks and 0.25-1.00/year for fuels.
Crop yields
In the model it is assumed that investment decisions are made on the basis of anticipated yields -that is, on the basis of the nominal value for the yields of each crop. However, actual production may differ from the nominal value by a factor with a nominal value of 1.0, and a user-defined minimum and maximum value. Users can assign a larger range for crops whose yields are less well known than for better known crops.
Comments
models, which attempt to anticipate human behaviour, require particular caution. The intended use of the model is to quickly try out a variety of options in an environment where any surprising outcomes can be investigated in detail. Policy analysts and policymakers may eliminate some policy options after such an exercise, if they seem to provide limited benefits, while choosing other, more promising options for further investigation.
The NBIM is a non-equilibrium dynamic model that features 'boom and bust' cycles, as actually experienced in biofuel feedstock and other cash crop operations. The model is intended to be used in an interactive setting, complimented by a narrative scenario process.
As with any model, the outputs are only as good as the inputs and the model assumptions. Simulation
